Many research and applications areas require photon sources capable of producing gamma-ray beams in the multi-MeV energy range with reasonably high fluxes and compact footprints. Besides industrial, nuclear physics and security applications, a considerable interest comes from the possibility to assess the state of conservation of cultural assets like statues, columns etc., via visualization and analysis techniques using high energy photon beams. Computed Tomography scans, widely adopted in medicine at lower photon energies, presently provide high quality three-dimensional imaging in industry and museums. We explore the feasibility of a compact source of quasi-monochromatic, multi-MeV gamma-rays based on Inverse Compton Scattering (ICS) from a high intensity ultraviolet (UV) beam generated in a free-electron laser by the electron beam itself. This scheme introduces a stronger relationship between the energy of the scattered photons and that of the electron beam, resulting in a device much more compact than a classic ICS for a given scattered energy. The same electron beam is used to produce gamma-rays in the 10-20 MeV range and UV radiation in the 10-15 eV range, in a ~4×22 m 2 footprint system.
Introduction
Compact tunable X-ray sources associated with various imaging techniques have been developed and used in a large number of areas ranging from spectroscopy, radiology, medical and biological applications to security, aerospace industry and cultural heritage science. In particular, the field of applications in Geo-archaeology is very wide. It goes from very small archaeological findings like prehistoric teeth and old jewelry, to large artifacts and burial objects wrapped inside soil blocks † , possibly involving considerable sizes. Depending on the nature and composition of the artifacts inside the soil blocks their tomographic analysis may require very penetrating and high power sources of X-rays to gamma-rays [1] [2] [3] [4] [5] , in combination with detectors capable of providing good resolution imaging for this type of radiation. Methods of X-ray production presently include Inverse Compton Scattering (ICS) facilities [6] and synchrotron radiation sources from insertion devices in electron storage rings.
Contrast imaging of massive sculptures would profit [7] from radiation sources more powerful than the X-ray Computed Tomography (CT) industrial instruments operating in the 450 keV range. In fact, the efficacy of transmission imaging techniques like radiography and tomography depends on the attenuation processes occurring within the object to be imaged. The Beer-Lambert law [8] characterizes this attenuation through a transmission function T=exp(-τρµ), involving the cross section of physical processes such as photoelectric absorption, Compton scattering and pair production. Here τ is the thickness of the sample, ρ is the mass density and µ is the mass attenuation coefficient, which depends upon both the photon energy and the sample composition [9] . Transmission data are given in Table 1 for 20 MeV gamma-rays passing through a 10 cm thickness of different materials of interest to cultural heritage studies. For many of them the transmission is large. In this paper we discuss a system, based on ICS, to produce gamma rays up to 20 MeV, minimizing the electron beam energy and total footprint. In the proposed scheme, the electron beam interacts with its own radiation emitted in an ultraviolet (UV) Free Electron Laser (FEL), as shown in Fig. 1 , making UV and gamma rays available from the same system. It was mentioned above that a diversity of applications can be found in very different research fields, see for example [10] and references therein. Specific case studies can be identified, for example, on the basis of the energy content of the scattered light. At low photon energy (up to few MeV), the aforementioned contrast imaging of massive objects in Geo-archeology [7] would greatly benefit from such an intense and compact source, and this was actually the driving case of this work. At photon energies in the 1-10 MeV range, photons propagating though dense materials prompt nuclear reactions, generating e.g. alpha particles and neutrons, which can be easily identified and used for separating isotopes [11] . At photon energies higher than 10 MeV, the proposed scheme would approach the specifications for an elastic photon-photon scattering source for frontier experiments in QED [12] . Even if all these examples were equivalently considered in the presence of an external laser, it is undoubtedly demonstrated below that a higher electron beam energy would be required at the interaction point, for the same output photon energy, and therefore a longer, more expensive electron linear accelerator. Moreover, as a by-product of the proposed scheme, a naturally synchronized UV beam with large fraction of coherent photons, and at 100 fs duration level would be provided by the FEL, which is ideal for pump-probe experiments.
Energy scaling for FEL-ICS radiation
In an ICS process, a relativistic electron transfers a fraction of its energy to an incoming photon, scattered in the electron direction of flight, with a Doppler upshifted frequency. The wavelength of the scattered radiation is ,
where is the incoming laser photon energy, γ the Lorentz factor and .
Here φ is the collision angle and θ the observation angle. The upper limit corresponds to on-axis radiation in head-on collisions. The scattered photon energy exhibits a quadratic dependence on the electron energy.
With our FEL-ICS scheme, we introduce a stronger γ-dependence by making the relativistic electron beam interact with its own UV radiation produced in an FEL [13] . The on-axis FEL radiation wavelength is related to the axial electron velocity β z and the undulator period λ u as [14] :
Here a u = K u = eB 0 λ u / 2π m e c = 93.4 B 0 λ u is the helical undulator parameter ( a u =K u / 2 for a planar-polarized undulator), B 0 the undulator central magnetic field, e the electron charge. In terms of the electron energy the energy of the FEL photons is:
,
where we define a FEL = 2 / (1+ a u 2 ) for on axis undulator radiation.
When the FEL photon energy (4) replaces that from the laser in Eq. (1), i.e., , the scattered photon energy reads:
The scattering efficiency, defined as the fraction of the electron energy transferred to the scattered photons, reads ,
having introduced the Compton wavelength λ c =hc/m e c 2 =2.4x10 -12 m. While the scattering efficiency in the ICS case scales linearly with beam energy, the cubic energy dependence in Eq. (5) provides compactness to the system, as lower electron
energy is required for a given photon energy. Additional flexibility in the UV energy and thus in the FEL-ICS radiation is available as they are tunable via the undulator parameter K u , typically ranging from 1 to 5 in an out-of-vacuum APPLE-II type device [15] or Delta undulator [16] . The collision angle φ at the Interaction Point ( Fig. 1 ) is different from zero to allow room for optical components. Some reduction on the scattering efficiency via the impact parameter a C and the length of the collision overlap is acceptable for an interaction angle up to φ=25 0 which will be considered in the FEL-ICS baseline design.
A baseline FEL-ICS system and its components

-Description of the baseline design
A single-pass conceptual layout providing a strong source of multi-MeV photons is shown in Fig. 1 . The main characteristics of the system are summarized in Table 2 and discussed in the following sections. Trains of electron bunches from an X-Band Linac are focused at the IP where they collide with FEL radiation produced by earlier bunches. A return arc guides the electrons into an FEL undulator. The return arc is designed to act as a bunch length compressor [17, 18] , raising the electron bunch peak current from 35 A to 500 A for an improved FEL performance. The FEL operates in the high-gain SASE regime [14, 19] and is long enough to reach saturation. The emerging UV radiation is focused at the IP, where high-energy gamma-rays are produced via Compton interaction with the trailing bunches. The 180° original arc deflection from Ref. [17] is extended to 205° to produce collisions at a 25° interaction angle. The low value of the Thomson cross section preserves the electron bunch quality for the FEL and allows subsequent use of the UV radiation for additional applications. The large FEL power compensates for the low Thomson cross-section. The electron bunches and UV radiation are focused to similar transverse spot sizes at the IP to optimize the scattered flux. The electron focusing, bunch compression, and UV optics are all crucial for providing the desired compactness and gamma-ray flux. The short undulator length allowed by bunch compression makes the footprint of the single-pass scheme essentially determined by the Linac and the return arc. An arc compressor length of about 6.5 m and the associated matching optics leave about 2.5 m for the UV focusing drift downstream the undulator. For a 10 m Linac length, the system footprint is ~ 4×22 m 2 . Other FEL-based ICS schemes, using an optical cavity to generate collisions between the FEL photons and the electron beam, exist [6] or have been proposed [20] . Our scheme removes this requirement and is not limited to FEL wavelengths for which highly reflective mirrors at normal incidence are available, taking full advantage of the scaling law of Eq. (1ʹ).
-The linear accelerating structure
We consider a linac operating at room temperature in the original spirit of keeping the photon source within cost-effective limits. High-gradient X-Band technology [21] , both for the photo-injector and the accelerating structure, is used to make the system compact. The linac is run at 1 kHz and the average power need to operate it is minimized by using X-band frequency, 11.4-12.0 GHz . Warm X-Band RF technology operating at 1 kHz with a 35 MV/m gradient has been considered in [22, 23] and is adopted in our design. Such gradient is considerably lower than the 100 MV/m reached at the CTF [24] in laboratory operating conditions, at repetition rates below 100 Hz. A beam energy of 300 MeV can be achieved in a 10 m long footprint. Each of the 1 µs long RF pulses can host a train of 100 electron bunches 10 ns apart, for a bunch repetition rate of 100 kHz.. A 300 pC bunch charge gives an average beam current of about 30 µA, and a 9 kW average beam power.
An X-Band photo-injector running with beam loading at low repetition rates has been built and commissioned at the XBand Test Area (XTA) at SLAC, providing good beam quality [25] . 
-Return arc compressor
The return arc compressor gives a 205 o beam deflection via a modified double-bend achromatic cell magnetic structure characterized by a 3.58 Tm integrated bending field at E=300 MeV. The 6.5 m central arc trajectory length has an average radius R ARC =1.82 m. It yields a bunch length compression factor C≈15 for 300 pC bunches, while limiting the growth of the transverse projected normalized emittances -here weakly affected by the emission of coherent synchrotron radiation (CSR) -to about 0.3 µm. The outgoing bunch has 0.5 kA peak current, 1 µm normalized projected emittances and ~0.2% correlated rms energy spread. Particle tracking indicates that CSR emission in the arc dipoles leads to some modulation in the bunch current profile and energy distribution. Nevertheless, the final relative slice energy spread remains about one order of magnitude lower than the FEL parameter threshold, and no relevant impact on the FEL performance is anticipated. The bunch final peak current of 0.5 kA is important to obtain high average FEL photon flux and reduce the undulator gain length. 
-The UV FEL
After bunch length compression the beam is injected into the undulator. In the 1-D approximation the FEL gain length is given in terms of the 'FEL parameter' [11] , ρ FEL , by .
The radiation bandwidth and the ratio of saturation power to electron beam power scale linearly with the FEL parameter [11] . In this example, a helical undulator is used to maximize the output power, reduce the gain length and provide transverse focusing. A compact design based on Permanent Magnet technology [15, 26] can provide the desired field amplitude, such as B 0 =0.86 T at λ u =20 mm, and eventually an undulator parameter a u =1.60. A ~5 m long undulator allows the FEL to reach saturation at the fundamental wavelength of 103 nm (12 eV photon energy). The analytical evaluation of the undulator length needed to reach saturation is shown in Fig. 2 as a function of the beam peak current, along with the final average gamma-ray photon flux. With the undulator and electron beam parameters in Table 2 , the FEL parameter is about 5.5×10 -3 , the gain length 0.22 m and the FEL peak power at saturation 0.77 GW. The corresponding photon peak rate is 4×10 26 UV ph/s.
-Focusing and tuning at the IP
Bunch length compression and UV optics are crucial for providing a high gamma-ray flux and a reduced system footprint. The UV radiation is focused to optimize the gamma rays production rate by matching the rms size of the electron and photon beams at the IP. The UV optical focusing system uses a single toroidal mirror operating at grazing incidence [27] to compensate the FEL photon beam divergence and produce a 15 µm vertical, 60 µm horizontal photon sizea at the IP, via a demagnification factor of about 4 in the vertical plane and 1 in the horizontal plane for the photon beam dimension at the undulator exit (Table 2) . A bare silicon surface has ~97% reflectivity at 12 eV and 2° grazing incidence. A quadrupole triplet at the end of the linac controls the electron beam sizes to match those of the UV beam .
The transverse matching of the electron and photon beams increases the scattered photon flux by over an order of magnitude compared to a case with no UV focusing. While the UV FEL pulse in the SASE regime has an rms duration comparable to that of the electron bunch after compression, approximately 0.16 ps, the electron bunch at the IP is still uncompressed and has a parabolic current profile with an rms duration of 2.5 ps ( Table 2) . Fig. 2 . FEL-ICS performance in terms of average scattered photon flux and FEL saturation length vs. the electron bunch peak current, for an undulator period length λ u =20 mm.
Being the UV focusing at the IP critically important for the scattered photon beam properties, the pointing stability of the FEL output pulse needs major attention. By virtue of the demagnification factor 4 at the IP for the vertical plane, the FEL pulse rms transverse sizes are 60 µm × 60 µm at the exit of the undulator. If a tolerance on the shot-to-shot variation of the FEL pulse position as large as 1/5 of the rms size is considered, the FEL trajectory has to be controlled at the level of ∼10 µm in both planes. This is basically the tolerance on the electron beam trajectory in the undulator. For a minimum betatron function of approximately 2.5 m along the undulator, control of the electron beam angular divergence has to be at the level of ∼10 µm /2.5 m = 4 µrad. State-of-the-art SASE FELs in single pass facilities feature < 5 µm, < 1 µrad rms electron trajectory jitter by adopting < 2 µm resolution RF cavity beam position monitors [28] . The unavoidable residual jitter is typically dominated by RF jitter sources in the accelerator that, for the aforementioned ranges of fluctuations, stay at the rms level of 0.1% for the peak voltage, and to 0.1 deg (from S-band to X-band) for the phase [29] . In summary, the proposed FEL-ICS scheme requires a good beam control largely feasible with the presently available technology.
-Electron beam dump
The 9 kW average electron beam power is spent in a dump (see Fig.1 ). The electron beam transverse dimensions at this location are larger than 0.1 mm rms in both planes and the single pulse energy density is ≤ 0.17 J/mm 2 /pulse. A 0.5 m long cylindrical dump, made of an inner core of Graphite surrounded by Aluminum, would ensure >99% energy absorption efficiency with negligible production of isotopes.
Beam temporal structures and event rate
The beam temporal structure consists of bunch trains of length τ t repeating at the RF pulse rate k t . Each train contains k b bunches with a time separation multiple of the gun bucket separation τ G .
The leading bunches in each train do not contribute to the ICS process as they need to fill the loop of Fig. 1 before radiating in the undulator and initiate the scattering process. If N loop is the number of bunches uniformly filling the loop length L loop =cτ loop , the number of bunches in each train actually interacting in the FEL-ICS scheme is: (8) and the event rate for the FEL-ICS process (in photons per second) can be written as:
Here σ T = 0.665×10 
where the convoluted transverse bunch sizes are Σ s = σ s1 2 +σ s2 2 (s =x, y, z) and can be optimized as discussed before.
The synchronism condition associated to the loop length L loop and the bucket separation (Eq.7)
is fulfilled, for a given interaction angle φ, by a proper design of the arc length. For the footprint geometry sketched in Fig. 1 , and the electron beam and undulator parameters listed in Table 2 , there are 90 interacting electron bunches per train and the interaction rate at the IP is 90 kHz. The characteristics of the photon and electron colliding beams, and of the scattered gamma-rays are summarized in Table 3 . The average gamma-ray photon flux and the undulator saturation length are shown as a function of the beam peak current in Fig. 2 . At our design value of 500 A we have 1.1×10 8 ph/s and 5.0 m respectively. The ideal minimum bandwidth for the gamma-rays is 0.9%, determined by a combination of the projected energy spread of the electron bunch, the SASE FEL bandwidth and the angular spread of the electrons. The average scattered photon energy is half of the maximum photon energy, and the scattered intensity on axis is taken to be the total flux divided by a solid angle of 2π/3γ 2 [30] .
Upgrade options
A higher average photon flux is certainly appreciated in experiments that rely on statistics [31] such as those cited in the Introduction as case studies as well as experiments implementing ultrafast dynamics and spectroscopy for the physics of matter at molecular scale. The average photon flux can be made larger at the expense of increasing the complexity of the device, in particular by requiring cryogenic cooling. Superconducting L-Band accelerating structures with frequencies of 1.3 or 1.5 GHz, have been designed for multiple accelerator facilities. Peak gradients are comparable to that of S-Band structures, in the range of 10-20 MV/m, and with quality factor Q > 10 10 may be run in CW mode. A single 8 m cryomodule can yield ~120 MeV energy gain.
The LCLS-II design [32] has a nominal average current of 20 µA, with a technical limit of 300 µA. With no beam slowing or energy recovery, the main constraint is on the beam dump, which for a 4 GeV beam would need to accept up to 1.2 MW. For a 300 MeV beam energy, a 500 kW beam power at the beam dump would allow an average Linac current of 1.7 mA, corresponding to an increase by a factor ~50 in the total photon flux compared to that evaluated at room temperature operation. The use of energy recovery, such as at the Cornell ERL [33] , could allow 100 mA average current but requires a large R&D effort in cavity design and feedback systems. However, significantly more than 1 mA may be achievable using already engineered systems.
The benefits of using SC undulators are not as dramatic as those of SC acceleration. However, by allowing a higher undulator parameter at shorter periods, SC undulators can be used to reduce the beam energy, increase the scattered photon energy, and/or reducing the undulator length. Any improvement in the photon flux will be modest at best.
Finally, seeding the FEL process would improve stability and shorten the required undulator length. It could be achieved either with an external source or through regenerative amplification [34] by sending a small fraction of the output FEL radiation back into the undulator. However, a further reduction of the undulator length would add limited compactness to the system footprint, mainly determined by the return arc length.
Summary
Nearly monochromatic multi-MeV gamma-ray beams can find applications in industry and security fields, where their characteristics can play an important role in the analysis of materials and the detection of illegal specimens. In the Geoarchaeology and cultural heritage fields, X-ray Computed Tomography (XCT) techniques [3] [4] [5] 7] , presently adopted for the visualization and analysis of archaeological artifacts contained in soil blocks of limited dimensions (~0.1 m 3 ), can benefit from the availability of gamma-ray beams in the tens of MeV range to extend the present fields of application. We have demonstrated that by interacting with its own FEL radiation through an Inverse Compton Scattering process, a relatively low energy electron beam can simultaneously produce UV photons in the 10 to 12 eV range, and high-energy gamma-rays in the 6-16 MeV range. These photon beams can be used for Cultural Heritage, Nuclear Physics and UV science.
In the proposed FEL-ICS setup the electron beam interacts with photons generated in an undulator by the electron beam itself. For a given gamma-ray energy the footprint of the setup is reduced, as compared to laser-based ICS facilities, since the energy of the scattered gamma-rays scales with the fourth power of the electron energy. As an example, gamma-rays in the 16 MeV range can be produced with a ~300 MeV electron beam as compared to the ~700 MeV required in a conventional ICS system. Tunability is provided via the undulator field parameter. A compact ~5 m long undulator is sufficient to simultaneously produce an average UV flux of ~2×10 19 ph/s and a high-energy gamma ray flux in excess of 1×10 8 within a system footprint of about 4×22 m 2 . The scheme can be considered as an alternative to neutrons for the analysis of soil blocks of a certain volume containing archaeological findings like prehistoric teeth and old jewelry in the Geoarchaeology and Cultural Asset field. Moreover, it offers options for a wide range of multi-MeV photons applications in the Industry and Security environments. Superconducting L-Band accelerating structures can increase the average Linac current and the outgoing radiation flux by a factor of 50.
